A new calculation of the Galactic diffuse gamma-ray spectrum from the decay of secondary particles produced by interactions of cosmic-ray protons with interstellar matter is presented. The calculation utilizes the modern Monte Carlo event generators, Hadrin, Fritiof and Pythia, which simulate high-energy proton-proton collisions and are widely used in studies of nuclear and particle physics, in addition to scaling calculation. This study is motivated by the result on the Galactic diffuse gamma-ray flux observed by the EGRET detector on the Compton Gamma-ray Observatory, which indicates an excess above about 1 GeV of the observed intensity compared with a model prediction. The prediction is based on cosmic-ray interactions with interstellar matter, in which secondary pion productions are treated by a simple model. With the improved interaction model used here, however, the diffuse gamma-ray flux agrees rather well with previous calculations within uncertainties, which mainly come from the unobservable demodulated cosmic-ray spectrum in interstellar space. As a possible solution to the excess flux, flatter spectra of cosmic-ray protons have been tested and we found that the power-law spectrum with an index of about −(2.4 ∼ 2.5) gives a better fit to the EGRET data, though the spectrum is not explained completely.
Introduction
Observations of diffuse gamma-ray emission from the Galactic plane give us some knowledge on Galactic cosmic-rays, interstellar medium and interaction between them. The observed features, most recently by the Energetic Gamma Ray Experiment Telescope (EGRET) on the Compton
2.
Gamma-ray production in cosmic-ray interaction
The gamma-ray production source function from nuclear interaction, or the gamma-ray spectrum resulting from pion decay in p-Hydrogen atom collisions, is given by Stecker (1970) q(E γ ) = 4πn H ∞ Eγ+m 2 π /4Eγ
where the cosmic-ray proton flux is denoted by j p (T p ) [cm −2 s −1 sr −1 GeV −1 ], dσ(T p , T π )/dT π is the differential cross section for the production of a π 0 with kinetic energy T π in the Galactic (rest) system due to a collision of a cosmic-ray proton of kinetic energy T p with a H atom at rest, E π is the total pion energy and m π is its mass, and n H is the atomic hydrogen density. T min p (T π ) is the minimum proton kinetic energy that contributes to the production of a pion with energy T π . It can be calculated from the kinematics easily. Following Dermer (1986a) , we write dσ(T p , T π )/dT π = ζσ π (T p ) dN (T p , T π )/dT π , where ζσ π (T p ) is the inclusive cross section for the reaction p + p → π 0 + anything (ζ is the π 0 multiplicity) and dN (T p , T π )/dT π is the normalized π 0 spectrum:
2.1.
Secondary pion production
We studied the three Monte Carlo programs Hadrin (Hänssgen and Ranft 1986) , Pythia (Stöstrand 1994) , and Fritiof (Pi 1992) , in comparison with the scaling model of the π 0 production cross section by p-p interaction given in an analytical form by Stephens and Badhwar (1981) . This scaling model was used in some of the previous calculations (Stephens and Badhwar 1981; Dermer 1986a ).
The first program, Hadrin, focuses on a threshold and resonance behavior of inelastic hadron-nucleon interactions and uses tabulated cross sections for many possible reaction channels based on experimental data. It focuses on describing the nuclear collision at laboratory energies below 5 GeV. Fig. 1 shows the comparison of the simulated π 0 kinetic energy spectrum with experimental data and analytic calculations based on the isobar model (Stecker 1970 ) and the scaling model (see also Dermer 1986a) in the center-of-mass system (CMS). Also shown in Fig. 2 is the same data but in laboratory system (LS). One can see both Hadrin and the isobar model calculations show good agreement with experimental data within limited statistical accuracy of the data.
The program called Pythia 3 focuses on high-energy p-p colliders and its performance is reported in detail (Sjöstrand and van Zijl 1987) . This is based on a string-fragmentation model, but incorporates low transverse momentum (p T ) interactions, which is our main concern. Its usefulness for fixed target experiments, the situation similar to ours, is not fully studied, however. The other program, Fritiof, 4 implements a model for low-p T hadron-hadron, hadron-nucleus and nucleus-nucleus reactions which treats a hadron as a string-like object with its color force field stretching like a vortex line. A detailed description of the model and its comparison with experimental data are reported (Andersson, Gustafson and Pi 1993 ).
Here we compare their predictions with the p-p collision data: due to the experimental difficulty in obtaining π 0 spectra in high-multiplicities, we use gamma-ray spectra. 
, where E * is the pion energy in CMS and p * L the longitudinal momentum in CMS) distributions for beam momenta of 12.4, 205, and 300 GeV/c. Data are obtained in bubble chamber experiments at Argonne (Jaeger et al. 1975a) and Fermilab (Jaeger et al. 1975b; Sheng et al. 1975) . Predictions and data are normalized to match the total cross sections given by the fitted formula given by Dermer (1986b) . The scaling calculation has been executed as a combination of the analytic Stephens and Badhwar (1981) model and a Monte Carlo program Decay (Hänssgen and Ritter 1984) to treat π 0 decays. One sees a general agreement of data with Monte Carlo predictions, but some overprediction is seen in the forward and backward (|y * | ∼ > 2) directions at high energies. This tendency is more evident for Pythia: it may partly due to its main intention to describe high transverse momentum (p T ) phenomena, while Fritiof is a model to describe low p T hadronic reactions. We do not use Pythia to calculate the gamma-ray flux since the forward region plays an importrant role at high energies (see below). Fig. 4 shows the comparison of the model prediction of the invariant cross section of π 0 production with experimental data at ISR. The differential cross sections of gamma-rays based on Monte Carlo programs have been converted to invariant cross sections of π 0 's using Sternheimer relation (Sternheimer 1955) following the strategy given in Stephens and Badhwar (1981) . 5 Monte Carlo calculations agree well with the scaling calculations given by Stephens and Badhwar, but both of them overpredict the cross sections at higher rapidities, as was seen in the previous figure (see the discussion of Stephens and Badhwar about the significance of this discrepancy). This results in systematic uncertainties of the final gamma-ray flux at higher energies (E γ ∼ > 100 GeV).
2.2.
Inclusive cross section
Measured inclusive cross sections, ζσ π (T p ) , for the reaction p + p → π 0 + anything are well fitted by the analytic parameterization given by Dermer (1986b) for T p ≤ 1 TeV. In order to extend the calculation to higher energies, inclusive cross sections have been computed with a help of Monte Carlo simulators. In order to match the experimental data, inclusive cross sections of π 0 production are computed from inclusive cross sections of gamma-ray production assuming all gamma-rays are from π 0 decays. Fig. 5 compares experimental results with the Dermer's parameterization and the Pythia and Fritiof prediction. Total p-p cross sections are calculated by a parameterization inspired by Regge theory (Donnachie and Landshoff 1992) in Pythia and by a Block-Cahn fit (Block and Cahn 1987) in Fritiof. We adopt Dermer's parameterization below 1 TeV/c and use 163(s/1876 GeV 2 ) 0.21 mb as a smooth fit to the Pythia prediction above 1 TeV/c, where s = 2m p (T p + 2m p ) with m p the proton mass, since it is based on newer fit to the total cross section and charged particle multiplicity distributions are described well up to √ s = 900 GeV (Sjöstrand and van Zijl 1987).
5 We have used the correct formula: E(d 3 σ/dp
Cosmic-ray proton flux
Galactic diffuse gamma-rays are mostly produced in the central region of the Galaxy and we should use the cosmic-ray spectrum there: however, since our knowledge is limited within the local solar neighborhood, the best we can do is to use the local cosmic-ray spectrum which is estimated by using appropriate assumptions from the solar-modulated spectrum actually observed. Fig. 6 summarizes the observations and demodulated spectra calculated by different authors. There is a factor of about 5 uncertainty in the proton spectrum at T p = 1 GeV, but as we will see these low energy protons do not contribute much to the diffuse flux, as has been pointed out before (e.g. Stephens and Badhwar 1981) . In order to quantify the spectrum uncertainty, we will calculate the diffuse gamma-ray flux for three extreme cases: the "maximal" ("minimal") flux corresponds to the upper (lower) envelope of calculated demodulated spectra and connects to E −2.75 spectra above 100 GeV, and the "median" flux takes the form of
6.65 × 10 −6
where
p − m 2 p and the unit is cm −2 s −1 sr −1 . These are inspired by the parameterization on the demodulated spectrum given by Ormes and Protheroe (1983) for E p ≤ 100 GeV and the fit by Honda et al. (1995) for higher energies. The cosmic-ray proton fluxes used in this work are shown in Fig. 7 . Notice that these fluxes are extremes and do not represent typical errors. Since the direct observation of cosmic-ray composition is limited to energies less than 10 6 GeV/nucleus, and there may be a possible steepening of the proton flux above 40 TeV (Asakimori et al. 1993 ), flux of diffuse gamma-rays above about 10 4 GeV suffers large uncertainty.
Effect of heavier nuclei
The effect of heavier nuclei than proton in cosmic-ray and the interstellar matter was estimated by different authors. It has been treated as a constant multiplification factor independent of energy. This is valid for the calculation of diffuse gamma-rays in the GeV region, since the proton/helium ratio in cosmic-rays seems to be constant in the 10∼100 GeV range. However, recent observations show different spectral indices between protons and other heavier nuclei (see Biermann, Gaisser and Stanev 1994; Wiebel-Sooth, Bierman and Meyer 1995 for summary) . This difference may be explained by a model in which protons and heavier nuclei come from different kinds of sources (Biermann, Gaisser and Stanev 1994) . Therefore we derive an energy dependence of this nuclear enhancement factor, ǫ M , assuming E −2.75 spectrum for protons and E −2.63 spectra for heavier nuclei (Wiebel-Sooth, Bierman and Meyer 1995) . Following Gaisser and Shaefer (1992) , ǫ M can be written as
dropping a factor which is related to propagation (only necessary for the case of antiprotons discussed in Gaisser and Shaefer (1992) , where (n i /n p ) CR is the ratio of numbers of nuclei of type i to protons (the subscript CR indicates the quantity in cosmic-rays), w ip (w iα ) the total number of wounded nucleons in a collision between a nucleus i and a proton (α), σ ip (σ iα ) the total inelastic cross section for a collision between a nucleus i and a proton (α), and (n α /n H ) ISM is the ratio of helium to hydrogen in interstellar matter (ISM). The ISM is assumed to be a mixture of 93% hydrogen and 7% helium after Garcia-Munoz et al. (1987) . We assume
where (n i /n p (GeV)) CR is the cosmic-ray abundance in GeV range and is tabulated in Gaisser and Shaefer (1992) . The result is plotted in Fig. 8 which is to be compared with previous estimates: 1.5 by Cavallo and Gould (1971) , 1.6 ± 0.1 by Stephens and Badhwar (1981) , 1.45 by Dermer (1986a) . ǫ M takes a value of 1.52 for T p < 100 GeV, as given in Gaisser and Shaefer (1992) . Notice that in the above expression the relativistic rise of interaction cross sections is cancelled out. The differences may be partly attributed to a larger multiplicity enhancement factor used in Stephens and Badhwar (1981) and a lower helium/proton ratio used in Dermer (1986a).
Monte Carlo calculation
Monte Carlo simulators can produce gamma-rays as final products instead of π 0 's, including the decay kinematics. Also other secondaries, such as neutral kaons which may yield gamma-rays, are included, although their contribution is minor. Thus we generated histograms for gamma-rays, not for π 0 's, for various proton energies with logarithmic binning (1 decade = 10 bins). In this case the equation (1) can be written in a summation form of
or, using ∆E γ,j = E γ,j ∆ and ∆T p,i = T p,i ∆ where ∆ = 10 0.05 − 10 −0.05 ,
with f (T p,i ; E γ,j ) the normalized value of the histograms at E γ,j ( i f (T p,i ; E γ,j ) = 2 here to incorporate the fact that 2γ's are produced by a π 0 ). In the range of energies 3 GeV < T p < 12.5 GeV no complete experimental data are available. Therefore we decided to use Hadrin for T p ≤ 8
GeV, the scaling model for T p ≥ 3 GeV, and Fritiof for T p > 10 GeV: we joined models with a linear connection in the overlapping energy regions (3-8 GeV) to obtain a smooth curve. Above 10 GeV results from two models will be compared. For Monte Carlo programs 80,000∼1,000 events were generated for incident proton energies of T p = 10 −0.5 , 10 −0.4 , 10 −0.3 , . . . , 10 6.9 , 10 7 GeV, respectively, depending on energy in order to have enough statistical accuracy while saving computing time.
Results
Fig . 9 shows our results on the emissivity of gamma-rays from the interaction of cosmic-rays with unit density of atomic hydrogen for two interaction models for T p ≥ 10 GeV, the scaling model and Fritiof. The statistical errors due to Monte Carlo calculations are (typically): 4, 0.6, 0.8, 2, and 3% at E γ = 0.01, 0.1, 1, 10, and 100 GeV, respectively. For the cosmic-ray proton flux, we assumed three cases: "median", "maximum", and "minimum". (For Fritiof we only show the result with the "median" flux.) The "maximal" ("minimal") proton flux gives about 50% higher (lower) gamma-ray flux at around 0.1 GeV and about 20% at around 10 GeV compared with that with the "median" flux. Remembering that these are extremes, we may say that the standard uncertainty of the calculated flux derived from the uncertainty of cosmic-ray proton flux is around 20 to 30%. The calculated emissivity is 34% higher at 10 GeV when we use Fritiof compared with the scaling model: this may be a measure of systematic uncertainty related to the interaction model of the present predicition. Table 1 summarizes the calculated gamma-ray emissivities for three cases of the cosmic-ray proton flux in differential and integral form with the scaling model. At this stage it may be worth showing the contributions of cosmic-ray protons of various energies to gamma-rays of some specific energies in Fig. 10 . From this figure one can see most diffuse gamma-rays below about 300 MeV of nuclear origin come from protons with kinetic energies of a few to several GeV, where no experimental results for secondary pion production are available and where there is a large uncertainty in the cosmic-ray proton flux.
The results obtained here are compared with previous calculations (Cavallo and Gould 1971 , Stecker 1979 , Stephens and Badhwar 1981 , Dermer 1986a in Figs. 11 and 12 , where in the latter they are plotted in integrated form:
The main difference between authors may come from the assumed demodulated spectrum of the cosmic-ray protons. (See Fig. 1 of Dermer (1986a) for comparison of assumed spectra.)
We can extend our calculation to higher energy gamma-rays and the results are presented in Fig. 13 with previous calculations (Stecker 1979 , Berezinsky et al. 1993 , Chardonnet et al. 1995 . For this plot we show calculation only with the scaling model: Fritiof causes fatal errors at ∼ > 10 TeV. Since the mean interaction length of gamma-rays for photon-photon collisions with the cosmic microwave background radiation becomes comparable to the distance to the Galactic center from Earth above several 100 TeV (Protheroe 1986), gamma-ray flux at higher energies than this are greatly reduced. Thus we stop our calculation at 100 TeV. The proton fluxes used in other calculations are: 2.35E −2.67 p (Stecker) and 1.75E −2.73 p (Chardonnet et al.) , where E p is in GeV and the unit is cm −2 s −1 sr −1 GeV −1 . Berezinsky et al. assumed the total cosmic-ray spectrum to be 1.59E −2.73 p cm −2 s −1 sr −1 (GeV/nucleon) −1 . Also shown is the effect of energy-dependent nuclear enhancement factor (ǫ M ), which raise the expected flux by about 10% at 1 TeV. The flux given in Berezinsky et al. is smaller than others, partly due to the assumed cosmic-ray spectrum.
In Table 2 the integral gamma-ray emissivities calculated by different authors are summarized.
Discussion
Now we compare our results with the EGRET data (Hunter et al. 1996 ).
Fig. 14 shows the Galactic diffuse gamma-ray flux in a differential form, multiplied by E 2 γ to make the differences more visible. The dotted line shows the expectation as the sum of three components of diffuse gamma-rays: cosmic-ray nuclear interactions (which is the main concern of this paper and is dominant above about 200 MeV), electron bremsstrahlung, and inverse Compton. The components were calculated by the model developed by Hunter et al. (1996) , which incorporates the detailed distribution of interstellar matter, and are averaged over the Galactic center region, 300 • < ℓ < 60 • , |b| ≤ 10 • . In their model they used the gamma-ray emissivity from cosmic-ray interactions given by Stecker (1988) . Solid and dashed lines are the expected fluxes in which the gamma-ray emissivity is replaced with the ones computed in this work: solid line assumes the "median" proton flux and dashed lines assume the "minimal" and "maximal" fluxes. None of the models mentioned above seems to yield enough gamma-rays above 1 GeV: thus we may conclude that even the detailed model studied here cannot explain the excess of Galactic diffuse gamma-ray flux above 1 GeV.
As one of the possible solutions to the problem, we tried to fit the cosmic-ray proton spectrum from the EGRET data with a single power-law spectrum in total energy, J p (E p ) = aE −b p , and have computed the χ 2 's in the a-b plane and searched the minimum.
The results are a = 1.48 Fig. 14 as a dotdashed line. This spectrum gives a better fit above 1 GeV, but predicts higher gamma-ray flux than observed around several 100 MeV.
However, this flatter proton spectrum is not consistent with the direct observations above 10 GeV (see Fig. 7 ). Therefore one may be tempted to suggest a possibility that the cosmic-ray spectrum is flatter in the Galactic center region than the one in the local (solar neighborhood) region. It is interesting to note that the power-law index obtained here is similar to that of the cosmic-ray source spectrum predicted by the cosmic-ray reacceleration theory (Ptuskin 1995 and references therein) : in this theory the source spectrum is proportional to R −γs , where γ s = 2.3 ∼ 2.4 (where R is the rigidity) and the escape length to R −1/3 to match the observed spectrum at all energies.
In any case, more detailed analysis is necessary before going on, since in the above fitting the bremsstrahlung and inverse Compton components are fixed: these components will change following the electron spectrum which is related to the proton spectrum through the cosmic-ray proton to electron ratio, which is usually believed to be universal.
On the other hand, COS B data indicate that the diffuse gamma-ray spectrum in the inner Galaxy (310 • < ℓ < 50 • ) is consistent with the cosmic-ray proton spectrum of about ∝ E −2.7 p (Bloemen 1987) , which does not seem to be consistent with the EGRET result (Hunter et al. 1996) .
Further observations, including analysis of the EGRET data at high latitudes (Sreekumar et al. 1996) , are nessesary to resolve the spectral variation problem.
Conclusion
The gamma-ray spectrum from the decay of secondary neutral pions produced by interactions of cosmic-ray protons with interstellar gas has been calculated utilizing modern event generators which simulate high-energy p-p collisions by Monte Carlo methods. The result is not inconsistent with previous calculations: the observed excess of the Galactic diffuse gamma-rays above about 1 GeV can not be explained by revising the models of cosmic-ray interaction with interstellar matter. This might suggest flatter cosmic-ray proton spectra in the central region of the Galaxy than in the solar neighorhood, but requires further study.
I gratefully acknowledge the EGRET team for the kind hospitality during my stay at NASA/GSFC, especially Dr. Stan Hunter for discussions and providing me the EGRET diffuse gamma-ray fluxes prior to publication, and Dr. Robert Hartman for his continuous encouragement and support. I also thank Drs. Jonathan Ormes, Charles Dermer, and Felix Aharonian for valuable discussions and suggestions. Table 2 . Integrated Galactic gamma-ray emissivity from cosmic-ray interactions with interstellar matter. Stecker (1970) , dotted line: scaling model by Stephens and Badhwar (1981) , and asterisks: data of Bugg et al. (1964) . Fig. 2 .-Same as in Fig. 1 , but with the secondary π 0 spectrum in the laboratory system (LS). Fig. 3. -Comparison of the model prediction with experimental data of the rapidity distribution of secondary gamma-rays at LS proton momentum of 12.4, 205 and 300 GeV/c. Solid (dotted) histograms: Fritiof (Pythia), dashed curves: combination of the scaling model by Stephens & Badhwar (1981) and Decay. Calculations are normalized to the inclusive cross section given by Dermer (1986b) . Data of Jaeger et al. (1975a) , Jaeger et al. (1975b) and Sheng et al. (1975) . Dermer (1986b) and the dashed lines are the fits by Dermer (1986b) . The results of Fritiof (Pythia) are plotted in dotted (dotdashed) lines and a fit used in this work is shown by a solid line. Fig. 6 .-Compilation of the demodulated cosmic-ray proton spectra calculated by different authors and the data on the cosmic-ray proton flux at high energies. Lines are the demodulated spectra (Gloeckler and Jokipii 1967 , Stephens and Badhwar 1981 , Simpson 1983 , Ormes and Protheroe 1983 , Ip and Axford 1985 , Nagashima et al. 1989 , Webber and Potgieter 1989 , Seo et al. 1991 and symbols are the data at high energies (pluses, open circles, closed circles, squares, crosses, inverse triangles and triangles are from Ryan et al. 1972 , Smith et al. 1973 , Webber et al. 1987 , Kawamura et al. 1989 , Seo et al. 1991 , Asakimori et al. 1993 and Ivanenko et al. 1993 Also shown by thick solid line is the "median" flux used in this work. See also Fig. 7. (The upper and lower dashed lines correspond to the curves BS and Mu of Stephens and Badhwar (1981) .) Fig. 7 .-The demodulated cosmic-ray proton spectra used in this work: "median", "maximum", "minimum" and "best fit", where the "maximum" ("minimum") is taken as the upper (lower) envelopes of different calculations and data shown in Fig. 6 . "Best fit" is derived from the EGRET data (see text). Also shown are the spectra used in previous calculation Badhwar 1981, Dermer 1986a ) of the gamma-ray emissivity. (The upper and lower dashed lines correspond to the curves BS and Mu of Stephens and Badhwar (1981) .) Triple-dot-dashed, dashed, dotdashed lines are differential emissivities multiplied by E 2 γ given in Cavallo and Gould (1971) , Stephens and Badhwar (1981) , Dermer (1986a) and Stecker (1988) , respectively (the dotted curve is drawn by the parameterization given in Bersch et al. (1993) , which fits the results of Stecker (1988)), and the solid line is from this work with Pythia and the "median" proton flux. Fig. 12. -Comparison of the integrated gamma-ray production source functions per unit density of atomic hydrogen from the interaction of the cosmic-ray with the interstellar medium by different authors. Notations are the same as in Fig. 9 . Fig. 13 .-The gamma-ray production source functions per unit density of atomic hydrogen from the interaction of the cosmic-ray with the interstellar medium for different models of high-energy p-p collisions at high energies. Solid lines are the results with the scaling model and the "median" proton flux, dashed lines are similar but with a fixed nuclear enhancement factor (ǫ M ≡ 1.52). Also shown are previous calculations (Stecker 1979 , Berezinsky et al. 1993 , Chardonnet et al. 1995 .
Fig. 14.-The diffuse gamma-ray differential spectrum, multiplied by E 2 γ , of the Galactic center region. Data are from EGRET observations (Hunter et al. 1996) averaged over 300 • < ℓ < 60 • , |b| ≤ 10 • . The model predictions based on gamma-ray emissivities from cosmic-ray nuclear interactions with different assumptions are also shown. Solid line: the scaling model and the "median" proton flux, dashed lines: the scaling model and the "maximum" and "minimum" proton flux, and dotted line: from Hunter et al. (1996) based on the result of Stecker (1988) . Also shown by dotdashed lines are spectra obtained with the scaling model and the "best fit" proton flux (∝ E −2.45 ) Stephens and Badhwar (1981) Dermer (1986) "maximum" "minimum"
"median"
"best fit" EGRET data (1996) Hunter et al. (1996) "Median" p-flux "Minimal" & "maximal" p-flux "Best fit" p-flux (1.48E p -2.45 ) Fig. 14 
